Inspired by biological systems, we report a supramolecular polymercolloidal hydrogel (SPCH) comprising 98 wt% water that can be readily drawn into uniform (ca. 6 µm thick) 'supramolecular fibers' at room temperature. Functionalized polymer-grafted silica nanoparticles, a semi-crystalline hydroxyethyl cellulose derivative and cucurbit[8]uril undergo aqueous self-assembly at multiple length scales to form the SPCH, facilitated by host-guest interactions at the molecular level and nano-fibril formation at colloidal length scale. The fibers exhibit a unique combination of stiffness and high damping capacity (60-70%), the latter exceeding that of even biological silks and cellulose-based viscose rayon. The remarkable damping performance of the hierarchically-structured fibers is proposed to arise from the complex combination and interactions of 'hard' and 'soft' phases within the SPCH and its constituents. SPCH represent a new class of hybrid supramolecular composites, opening a window into fiber technology through low-energy manufacturing.
I
n nature, spiders spin silk fibers with superb properties at ambient temperatures and pressures (1, 2) . We are yet to mimic such an elegant process. Conventionally, synthetic fibers are manufactured through a variety of spinning techniques, including wet, dry, gel and electro-spinning (3) . Such approaches to generate fibers are limited by high energy input, laborious procedures and intensive use of organic solvents. Supramolecular pathways enable the formation of filamentous soft materials that are showing promise in biomedical applications (4) (5) (6) , such as cell culture (7) (8) (9) and tissue engineering (10) . However, such materials are constrained by the length scale (sub-micron level) (11) (12) (13) , energy intake duing production (9) and complex design of assembly units (14) .
Here, we report drawing supramolecular fibers of arbitrary length from a dynamic, supramolecular polymer-colloid hydrogel (SPCH) at room temperature (Movie S1). The components consist of methyl viologen (MV) functionalised polymergrafted silica nanoparticles (NP)s (P1), a semi-crystalline polymer in the form of a hydroxyethyl cellulose derivative (H1) and cucurbit [8] uril (CB [8] ) as illustrated in Fig. 1 . The macrocycle CB [8] is capable of simultaneously encapsulating two guests within its cavity, forming a stable yet dynamic ternary complex, has been exploited as a supramolecular 'handcuff' to physical crosslink fuctional polymers (15) (16) (17) (18) . Introducing shape-persistent nano-particles into the supramolecular hydrogel system allows for modification of the local gel structures at the colloidal length scale, resulting in assemblies with unique emergent properties (19) . The hierarchical nature of the SPCH is presented, where the hydrogel is composed of nanoscale fibrillar structures. The self-assembled SPCH composite exhibits great elasticity at a remarkably high water content (98%), demonstrating a novel low-energy manufacturing process for fibers from natural, sustainable precursor materials. We hypothesized that the reorganisation of internal structures and the presence of crystallinity in the SPCH enable the formation of the 'supramolecular fiber'. Moreover, a detailed investigation of the mechanical behavior of these supramolecular fibers indicates they exhibit a unique combination of ductility and stiffness. These fibers are also remarkably efficient at absorbing energy with a high damping capacity, comparable to viscose, and in some ways, resembling the biological protein-based spider silks.
Results
Self-assembly of SPCH. The fabrication of SPCH was accomplished by mixing an aqueous solution of H1 (1 wt%) with an aqueous solution of P1 (1 wt%), which was previously complexed with CB [8] in a 1:1 MV:CB [8] ratio (P1@CB [8] ). P1 is a functional polymer (Mn = 74 kDa, polydispersity indext Ð= 1.48) grafted onto silica NPs with a core size of 50 nm (Fig. 1b , see SI Appendix, Fig. S1-6 for synthesis). The linear polymers (H1 in Fig. 1b) were prepared by functionalizing napthalene (Np) isocyanate onto hydroxyethylcellulose (HEC; Mn = 1.3 MDa) (20) . The composite material exhibited elastic behavior with an increase in rigidity and a persistent shape. The hydrogel formation is clearly dependent on the presence
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Mechanical properties of the hydrogels were investigated through rheological measurements. Strain dependent oscillatory rheology of a mixture of H1 (1 wt%) with pre-complexed P1@CB [8] (1 wt%) displays a broad linear viscoelastic region with a gel-to-sol crossover point remarkably appearing only at 500% strain (Fig. 2b) . The frequency-dependent rheology performed in the linear viscoelastic region is shown in Fig. 2c (blue circles), whereby storage moduli (G ) are dominant over loss moduli (G ) across the whole range of frequencies studied, which identifies gel-like behavior. In the absence of CB [8] , no difference in the rheology was observed between an aqueous solution of H1 (1 wt%) alone and a mixture of H1 (1 wt%) with P1 (1 wt%), indicating that entanglement arising from additional polymer chains P1 does not lead to polymeric network formation (SI Appendix, Fig. S7-9 ). When P1 was replaced with a larger silica NP size of 200 nm (P200) the assembled hydrogel became weaker as shown by the red squares in Fig. 2c , as the G becomes larger than G at low frequencies. This is possibly due to the reduction in the number of effective crosslinks in the hydrogel network (21) . In addition, a rapid recovery rate of the material is observed in step-strain measurements depicted in Fig. 2d , where alternating strains of 1% and 1000% were applied to the material at 30 (s) intervals. Overall, the process was repeated over 5 cycles and the SPCH exhibited fast and complete recovery to its initial modulus, corresponding to the fast association kinetics of CB [8] ternary complexation (22, 23) .
We observed that the hydrogels were substantially 'stretchy', revealing a highly ductile nature. Moreover, a 'filament' can be drawn from a reservoir of hydrogel (5 mg) at room temperature that remained stable to lengths > 250 mm (Fig. 3a) After the water in the hydrogel filament evaporates within 30 (s), a fine and flexible fiber remains with a cylindrical shape and consistent diameter as shown in the scanning electron microscopy (SEM) images in Fig. 3b and c. The fiber diameter was found to be independent of the draw length (R 2 = 0.001, n = 177; SI Appendix, Fig. S10 ), suggesting an increase in length during drawing was not at the expense of fiber diameter. Rather, fiber length increased through continuous drawing of material from the hydrogel reservoir and a simultaneous, rapid liquid-solid phase transition. We envisage that the fiber diameter is likely determined and therefore may be tuned by parameters such as gel viscosity, surface tension, environment (e.g. humidity), and using nozzles/orifices of specified dimensions. In addition, by slicing the cross-section of the 'supramolecular fiber' using focussed ion beam, we observed that the silica core NPs from P1 were dispersively embedded in the fiber (Fig. 3d) .
SEM was further used to investigate the internal structure of the SPCH in an effort to explain its unique ductility. hydrogels assembled between P200@CB[8] and H1 exhibited nanosheet-like internal structures (SI Appendix, Fig. S11 ) compared to the nanofibril features mentioned above, which resulted in unstable filaments (that break upon dehydration). This also correlates with the frequency sweep in the early rheology study (Fig. 2c, red squares) . When P1 was replaced with a linear polymer, poly(NIPAm-co-HEAm-MV) (LP), the hydrogel did not show such ductility, nor did it yield fibers (Movie S2). No nano-fibrillar microstructures were observed in the hydrogels (SI Appendix, Fig. S12 ) or for any previously reported CB [8] -based hydrogels. More importantly, the semi-crystalline H1 (SI Appendix, Fig. S13 ) allows further enhancement of the elasticity, where the crystalline domain of the polymer chains could reconfigure themselves. To verify this as a generic theory, we prepared a hydrogel by replacing H1 with Np functionalized polyvinyl alcohol (PVA) that is a typical semi-crystalline polymer. The resulting materials show similar transformations into fibers (SI Appendix, Fig. S14 ). In contrast, when amorphous functional polymers (poly(AM-co-HEAm-Np)) were assembled with P1@CB [8] , no fiber formation was observed (SI Appendix, Fig. S15 ). Overall, H1, with crystalline domains at the molecular level, was assembled with P1 through dynamic host-guest interactions via CB [8] , forming the nanoscale fibrils, which extend, realign and repack at the colloidal length scale (Fig. 3h and i) . The resulting 'hydrogel filament' (drawn from the SPCH) exhibits hierarchical structures across multiple length scales that distribute the applied stress effectively. Finally, the large aspect ratio of the filament induces fast evaporation of water, yielding a ductile supramolecular fiber.
Characterisation of the supramolecular fiber. Stress-strain profiles (Fig. 4a ) display an initial linear region up to a yield point in the range of 1-3% applied strain (The tensile-testing method of fibers is described in the SI Appendix). The elastic modulus determined in this region was 6.0 ± 2.9 GPa. Most polymeric materials have stiffness in the range of 1 MPa to ca. 3 . Investigating the structure of SPCH. a, Photograph of the hydrogel filament drawn from the SPCH reservoir. b, Photograph of the supramolecular fiber after the hydrogel filament undergoes fast dehydration. c, Scanning electron microscopy image of the supramolecular fiber. d, Focussed ion beam scanning electron microscopy image of the cross-section area in the supramolecular fiber, the light-colored particles in the inset depict the silica NPs with size around 50 nm dispersed inside the polymer matrix. e-g, Cryogenic scanning electron microscopy images of the internal structure of SPCH demonstrate its hierarchical nature with nanoscale fibrils feature. h,i, Proposed molecular organization within the hydrogel filament, with H1 and P1 physically crosslinked by CB [8] , and the H1 polymer having crystalline domains.
and some of which are crystalline. The crystalline phases provide intermolecular interactions which are stable and do not exhibit viscosity at room temperature, thereby dominating the mechanical response and the resulting high stiffness. Failure strength and strain of the fiber were determined to be 193 ± 54 MPa and 18.1 ± 5.7%, respectively. This unique combination of tensile properties exceeds that of conventional regenerated textile fibers such as cellulose-based viscose, and protein-based artificial silks as well as animal and human hair(24) (SI Appendix, Fig. S17 ). Finally, the toughness, or total energy required to break the fiber, was calculated to be 22.8 ± 10.3 MJ·m -3 , higher than several natural fibers, such as flax and jute (25) . The coefficient of variation in properties ranged between 30 to 50%, which is a spread commonly observed in natural fibers including biological silk (26) and flax (27) . Factors influencing variability include processing conditions (drawing speed), environmental conditions (during processing and testing) as well as the composition of the material (26, 28) .
In an effort to assess reversibility and damping behavior of the supramolecular fiber, material response to cyclic loads was investigated. Fibers with low damping capacity (high resilience), like E-glass, elastin, polypropylene and vulcanised rubber are efficient at recovering most of the deformation energy they absorb, typically exhibiting little to no hysteresis; while fibers with high damping capacity (low resilience), such as viscose, cotton and silks are efficient at absorbing or dissipating most of the energy (Fig. 5) . We subjected the fiber to a single load-unload-reload cycle (see Fig. 4b ). It is evident that the supramolecular fiber has a high damping capacity of 64.2 ± 2.2% (n = 7), which is even higher than biological silks and comparable to viscose (Fig. 5) . Furthermore, we find that the coefficient of variation in the damping capacity of our supramolecular fiber was significantly lower at only 3%, in comparison to that of all other mechanical properties (ranging between 30 to 50%). Thus, damping capacity in our case is strength and strain, with error bars denoting 1 std. dev. b, Representative stress-strain curve (n = 7) of a fiber subjected to a single loading-unloading-reloading cycle (indicated by arrowheads) at 5% strain. The recovery strain (upon unloading) and the permanent set (before reloading) are indicated by hollow and solid triangles, respectively, on the x-axis. The damping capacity was determined from the ratio of the damping energy (shaded area; area between the loading and unloading curve) to the stored energy (hatched area; area below the loading curve). c, Representative stress-strain curve (n = 7) of a fiber subjected to progressive loading cycles at 2.5% strain intervals up to failure. The damping energy, indicated by the areas between the paired loading-unloading curves, increases with every loading cycle. d, The evolution of damping capacity, recovery strain and permanent set with applied strain. Linear fits to the data points are shown. more directly related to the molecular structure of the fiber.
From further tests, we observed that damping energy as well as damping capacity reduced with respected cycles of loadingunloading: from 67.2 ± 5.3% in the first cycle to 31.2 ± 2.8% by the fifth cycle, with the major drop (of 60%) occurring between the first and second cycle (SI Appendix, Fig. S18 ). Essentially, by subjecting the supramolecular fiber to multiple cycles at the same applied strain it was transformed from being effective at energy dissipation to a material efficient at energy recovery and storage. Interestingly, this behavior has also been observed for spider silks whose damping capacity drops from around 68% in the first cycle to as low as 37% in subsequent cycles (29) . When the supramolecular fiber was subjected to progressive loading-unloading cycles until failure, the damping energy was observed to increase with every cycle (Fig. 4c) . Notably, while the damping capacity increased from 30 to 65% in the range of 2-3% applied strain (i.e. after the first cycle close to the yield point), it was remarkably stable at 66% for all other cycles of applied strain ranging between 3-20% (n = 7, Fig. 4d ). The existence of damping capacity below the yield strain is likely to be because the supramolecular fibers are 'visco-elastic' (rather than 'purely elastic') below the yield point and 'visco-elasto-plastic' above the yield point. Again, such a profile has also been observed for spider silks, whose damping capacity is low (at 5 to 30%) in the first cycle at 5% applied strain, but increases to 30 to 70% in subsequent cycles of increasingly applied strain (30) . The recovery strain and permanent set (permanent deformation) were also found to increase linearly with the applied strain (applied deformation) in every cycle up to failure (Fig. 4d) .
We envision that the remarkable damping performance of D R A F T the supramolecular fiber arises from energy dissipative mechanisms provided by a complex structure of 'hard' (crystalline) and 'soft' (amorphous) phases at the molecular scale (vis. semicrystalline H1 polymer, Fig. 3i ), like in spider silks (29, 31) . While the soft phase is always active, the hard phase is strainactivated, and undergoes a partly-reversible transformation to the soft phase via a process of strain-induced hydrogen bond breakage when stretched to its limit, which is accompanied by the unravelling, aligning and slipping of molecular chains. The energy stored during loading in the previous process is (partly) released during unloading, by the reformation of hydrogen bonds and reverse-transition of soft phases to hard phases, as well as de-alignment or coiling of molecular chains. Consequently, the fiber finds itself in a new molecular conformation at a non-zero recovery strain (Fig. 4b) (29, 31) . In the case of our supramolecular fiber, 'hard' and 'soft' phases exist beyond the molecular scale of the semi-crystalline H1 polymer, at the intermolecular scale (where CB [8] provides dynamic cross-links between P1 and H1), as well as at the colloidal scale (silica NPs in the SPCH, Fig. 3h ).
Conclusion
We have shown a novel means of assembling hierarchical supramolecular polymer-colloidal hydrogels (SPCH) based on CB [8] host-guest chemistry. By introducing functional polymer grafted silica NPs, we successfully modified the internal structure of the gel at the nanoscale and benefit from the semi-crystalline nature of H1, which allow for significant enhancement of the elasticity of the material. We have reported for the first time a 'supramolecular fiber' drawn from an extremely high water-content SPCH at room temperature. The synthetic biocompatible fiber exhibits a unique combination of strength and high damping capacity that can be readily manipulated through a detailed understanding of the hierarchical assembled structure and the underlying CB [8] host-guest chemistry. We envision that by altering the chemistry and processing methods of SPCH, a family of supramolecular fibers with a whole range of tuneable properties can be produced at low temperature taking us a considerable step closer to sustainable fiber technology.
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